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It is critical to elucidate the pathways that medi-
ate spindle assembly and therefore ensure
accurate chromosome segregation during cell
division. Our studies of a unique allele of the
budding yeast Ipl1/Aurora protein kinase re-
vealed that it is required for centrosome-medi-
ated spindle assembly in the absence of the
BimC motor protein Cin8. In addition, we found
that the Ase1 spindle midzone-associated pro-
tein is required for bipolar spindle assembly.
The cin8 ipl1 and cin8 ase1 double mutant cells
exhibit similar defects, and Ase1 overexpres-
sion completely restores spindle assembly in
cin8 ipl1 strains. Consistent with the possibility
that Ipl1 regulates Ase1, an ase1 mutant lacking
the Ipl1 consensus phosphorylation sites can-
not assemble spindles in the absence of Cin8.
In addition, Ase1 phosphorylation and localiza-
tion were altered in an ipl1 mutant. We therefore
propose that Ipl1/Aurora and Ase1 constitute
a previously unidentified spindle assembly
pathway that becomes essential in the absence
of Cin8.
INTRODUCTION
Accurate partitioning of the genetic material is achieved
by the microtubule (MT)-based spindle. MTs are dynamic
polymers of a/b-tubulin dimers with an inherent polarity
such that their minus ends are proximal to the spindle
pole while their distal plus ends interact with chromo-
somes via the kinetochore. Because chromosome misse-
gregation leads to the genomic instability associated with
cancer and birth defects, it is critical to understand how
proper spindle function and accurate MT-kinetochore
interactions are achieved.
In most cells, spindle assembly is mediated by MT-
organizing centers called centrosomes that duplicate
and separate to form bipolar spindles (for review, seeDevelopmentCompton, 2000). The centrosome nucleates three distinct
populations of MTs in mitosis: (1) kinetochore MTs that
interact with chromosomes, (2) interpolar MTs that ema-
nate from opposite centrosomes and interdigitate in an
antiparallel manner at the spindle midzone, and (3) cyto-
plasmic MTs that extend into the cytoplasm. Spindle
assembly in all eukaryotes requires the conserved BimC
subfamily of plus-end-directed kinesin-related motor pro-
teins that have been proposed to generate the outward
forces that separate duplicated centrosomes by cross-
linking and sliding the interpolar MTs apart (for review,
see Kashina et al., 1997). These outward forces are coun-
teracted by the minus-end-directed dynein and Ncd
motors (for review, see Sharp et al., 2000), and the balance
of these antagonistic activities is critical to maintaining
bipolar spindles.
Some cells also employ chromatin-based mechanisms
of bipolar spindle assembly in which the GTPase Ran sta-
bilizes MTs around chromosomes by promoting the
release of MT-associated proteins (MAPs) from nuclear
import factors (for review, see Zheng, 2004). In addition,
Ran-independent mechanisms ensure that MT-destabiliz-
ing activities are silenced near chromosomes to promote
MT polymerization (Sampath et al., 2004). The existence
of multiple mechanisms to assemble bipolar spindles is
indicative of the importance and complexity of this
process.
S. cerevisiae is a powerful organism to dissect parallel
pathways in intricate processes such as spindle assem-
bly. The budding yeast centrosome is called the spindle
pole body (SPB) and is embedded in the nuclear envelope
(reviewed in Jaspersen and Winey, 2004). After SPB dupli-
cation, the SPBs are connected by a bridge that is severed
by an unknown mechanism to allow the SPBs to separate.
Although the SPB is morphologically distinct from centro-
somes, the mechanism of centrosome-mediated spindle
assembly appears to be conserved. The yeast BimC
motors, Cin8 and Kip1, are required for spindle formation
(Hoyt et al., 1992, 1993; Roof et al., 1992; Saunders and
Hoyt, 1992). Although neither BimC motor protein is
essential, at least one is required for SPB separation and
bipolar spindle maintenance until anaphase (Hoyt et al.,
1992; Roof et al., 1992). However, Cin8 makes the majoral Cell 13, 433–445, September 2007 ª2007 Elsevier Inc. 433
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exhibit defects in spindle assembly and activate the spin-
dle checkpoint, while kip1 mutants have no detectable
phenotype unless Cin8 function is impaired (Hoyt et al.,
1992; Roof et al., 1992).
To identify additional spindle assembly pathways, the
Hoyt lab performed a genetic screen to identify mutations
that are lethal in combination with a cin8 deletion (Geiser
et al., 1997). This screen isolated ipl1-315, a mutant allele
of the sole, essential budding yeast Aurora protein kinase
(for review, see Vagnarelli and Earnshaw, 2004). In multi-
cellular eukaryotes, the Aurora kinases can be subdivided
into three major families (Aurora A, B, and C) that are key
regulators of several mitotic events that rely on MT func-
tion (for reviews, see Ducat and Zheng, 2004; Vagnarelli
and Earnshaw, 2004). Aurora A localizes to centrosomes
and is required for centrosome maturation, centrosome
separation, and bipolar spindle assembly. Consistent
with these functions, Aurora A is required for the efficient
recruitment of numerous MT nucleators to centrosomes
(reviewed in Ducat and Zheng, 2004) and phosphorylates
the Xenopus BimC kinesin, Eg5 (Giet and Prigent, 2000;
Giet et al., 1999). Aurora B is a member of the chromo-
somal passenger complex (CPC) that contains the
INCENP, Survivin, Dasra A, and Dasra B/Borealin/Csc1
proteins. Together, the CPC localizes to the kinetochores
and chromosomes until metaphase and then relocalizes
to the spindle at anaphase, eventually accumulating at
the spindle midzone and midbody. Aurora B is essential
for both chromosome segregation and cytokinesis.
Recently, Aurora B has also been implicated in chroma-
tin-mediated spindle assembly via inhibition of the MT
destabilizer, MCAK (Sampath et al., 2004). In addition, it
also phosphorylates the MT destabilizer Op18 (Gadea
and Ruderman, 2006; Kelly et al., 2007). Aurora C is highly
expressed in the testis and localizes to centrosomes from
anaphase to telophase (Kimura et al., 1999), but its func-
tions are not yet well characterized.
Ipl1 appears to be an Aurora B homolog because it
binds to the yeast INCENP homolog Sli15 and exhibits
localization and functions similar to the CPC. Like Aurora
B, the essential function of Ipl1 is to generate bioriented
kinetochore-MT attachments where sister kinetochores
attach to MTs from opposite poles (reviewed in Vagnarelli
and Earnshaw, 2004). When sister kinetochores biorient,
they come under tension because the pulling forces
exerted by MTs from opposite poles are opposed by the
linkage between sister chromatids. Ipl1 appears to detect
the lack of tension on kinetochore-MT attachments that
are not bioriented and destabilizes these inappropriate
attachments, leading to unattached kinetochores that
activate the spindle checkpoint. In addition, Ipl1 has
a number of other reported functions and regulates
rDNA condensation, spindle positioning, spindle disas-
sembly, and cytokinesis in response to spindle midzone
defects (Buvelot et al., 2003; Lavoie et al., 2004; Norden
et al., 2006).
Here we investigate the role of Ipl1 in maintaining the
viability of cin8D cells. Using a conditionally degradable434 Developmental Cell 13, 433–445, September 2007 ª2007 Eallele of cin8, we report that Ipl1 is required for spindle
assembly when Cin8 function is impaired. In addition,
we found that the conserved spindle midzone MT-bun-
dling protein Ase1 (Schuyler et al., 2003) is also required
for spindle assembly in the absence of Cin8 function.
The Ipl1 consensus phosphorylation sites in Ase1 are
required for spindle assembly in the absence of Cin8,
and Ase1 phosphorylation and localization are altered in
ipl1 mutant cells. We therefore propose that, similar to
Kip1, Ipl1 and Ase1 compose a spindle assembly pathway
that becomes essential in the absence of the BimC motor
protein Cin8.
RESULTS
The ipl1-315 Mutation Leads to Decreased
Kinase Activity
To begin characterizing pac15, the ipl1-315 allele that was
isolated in the ‘‘perish in the absence of CIN8’’ mutant
screen (Geiser et al., 1997), we sequenced it and found
a single arginine-to-lysine substitution at residue 151 in
the catalytic domain. We therefore tested whether this
mutation affected the kinase activity. Flag epitope-tagged
wild-type Ipl1, Ipl1-315, or Ipl1-321, a previously de-
scribed temperature-sensitive Ipl1 protein (Biggins et al.,
1999), was immunoprecipitated and incubated with his-
tone H3 and 32P-ATP in vitro. Although the activity of
Ipl1-315 was 6-fold lower than wild-type Ipl1 (Figures 1A
and 1B), Ipl1-315 retained 2-fold more kinase activity
than Ipl1-321. To determine whether the reduction in
kinase activity in Ipl1-315 is related to the inviability with
cin8, we tested for synthetic lethality between cin8D and
the ipl1-321 and ipl1-as5 alleles that also have diminished
catalytic activity (Biggins et al., 1999; Pinsky et al., 2006b).
These alleles are also lethal in combination with cin8D,
suggesting that cells lacking Cin8 are sensitive to de-
creased Ipl1 kinase activity.
Ipl1-315 Has a Reduced Interaction with Sli15
A structural study found that the Xenopus laevis INCENP
activator forms a crown around the N lobe of the Aurora
B catalytic domain (Sessa et al., 2005). The Arg151 resi-
due that is altered in Ipl1-315 lies adjacent to another
conserved arginine residue that makes direct contact
with INCENP in Aurora B. Based on this observation, we
hypothesized that the ipl1-315mutation perturbs the inter-
action between Ipl1-315 and Sli15. We therefore analyzed
the association between Ipl1-315 and Sli15 in vivo by
coimmunoprecipitation experiments. Strains expressing
functional endogenous copies of epitope-tagged Sli15-
myc, and either Ipl1-Flag or Ipl1-315-Flag, were immuno-
precipitated with anti-myc antibodies. Consistent with our
hypothesis, the amount of Ipl1-315 that coimmunoprecipi-
tated with Sli15 from cycling cells was significantly lower
than wild-type Ipl1 (Figure 1C). It is therefore possible
that Ipl1-315 has reduced kinase activity because it fails
to be fully activated by Sli15.lsevier Inc.
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Functions that Require Ipl1
To understand why ipl1-315 is inviable when CIN8 is
absent, we tested whether ipl1-315 is defective in any of
the previously identified Ipl1 functions that might be
required to maintain the viability of cin8D cells. Because
other alleles of IPL1 are temperature sensitive (ts) due to
a defect in chromosome segregation (Biggins et al., 1999;
Chan and Botstein, 1993), we analyzed the viability of
ipl1-315 cells at 37C. However, the ipl1-315 cells were
Figure 1. Ipl1-315 Is Defective in Kinase Activity and Interac-
tion with the Sli15 Activator
(A) Ipl1-Flag (SBY3672), Ipl1-315-Flag (SBY3717), and Ipl1-321-Flag
(SBY4541) were immunoprecipitated with anti-Flag antibody and incu-
bated with histone H3 in a kinase reaction at 30C in vitro. The autora-
diograms (top three panels) show H3 phosphorylation, and the
Coomassie-stained gels (lower three panels) show H3 loading. Equal
amounts of Ipl1, Ipl1-315, and Ipl1-321 were immunoprecipitated
(data not shown).
(B) Quantification of (A).
(C) Cells expressing either Ipl1-Flag (SBY3672), Ipl1-Flag and Sli15-
myc (SBY5256), Ipl1-315-Flag (SBY3717), or Ipl1-315-Flag and
Sli15-myc (SBY5281) were immunoprecipitated with anti-myc anti-
body. The extracts (input) and immunoprecipitates (IP) were analyzed
by anti-myc (top) and anti-Flag (bottom) immunoblotting. Ipl1-Flag
migrates just below a crossreacting band (*) in the IP lanes.Developmennot ts (Figure 2A), indicating that these cells biorient
chromosomes normally. We quantified the stability of
a nonessential chromosome (Spencer et al., 1990) and
found that the loss rate was 1.163 103 in wild-type cells
and 0.883103 in ipl1-315. Therefore, unlike the previously
characterized ipl1 alleles, ipl1-315 is not defective in
chromosome segregation despite reduced kinase activity.
Although our previous work suggested that Ipl1’s role in
the checkpoint is coupled to its role in biorientation (Pinsky
et al., 2006b), we considered the possibility that ipl1-315 is
specifically defective in the tension checkpoint. To test
this, we created a tension defect using a ts mutation in
the Mcd1/Scc1 protein that joins sister chromatids
(Guacci et al., 1997; Michaelis et al., 1997). In these cells,
kinetochores can still attach to MTs, but the spindle
checkpoint is activated because tension cannot be gener-
ated on sister chromatids that are not linked (Stern and
Murray, 2001). We assayed the spindle checkpoint in
Figure 2. Ipl1-315 Is Proficient in Chromosome Segregation,
the Spindle Checkpoint, and Spindle Disassembly
(A) Serial dilutions (5-fold) of wild-type (SBY3), ipl1-321 (SBY2189), and
ipl1-315 (SBY1315) cells were plated at 23C and 37C.
(B) Wild-type (SBY818), mcd1-1 (SBY870), and mcd1-1 ipl1-315
(SBY1379) cells containing Pds1-myc were arrested in G1 and
released to 37C. Lysates were prepared at the indicated time points
and immunoblotted with anti-myc antibody.
(C) Live microscopy was performed on wild-type (SBY130) and ipl1-
315 mutant cells (SBY1391) containing Tub1-GFP that were released
from G1 at 35C. Eight z sections at 0.5 mm were acquired every
minute. The spindle length at each time point was measured, and
the averages of ten cells for each strain are graphed. Note that the
last time point corresponds to the time of spindle disassembly.tal Cell 13, 433–445, September 2007 ª2007 Elsevier Inc. 435
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tween cin8 and ipl1-315 Mutants Is Not
Due to Abrogation of the Spindle Check-
point
(A) Serial dilutions (5-fold) of wild-type (SBY3),
cin8D (SBY2198), and deg-cin8 (SBY3884)
cells were plated at 30C and 37C on galac-
tose media.
(B) Wild-type (SBY3376), cin8D (SBY4652),
and deg-cin8 (SBY3884) cells containing
Spc42-GFP were released from G1 into non-
permissive conditions at 30C. Samples were
collected at the indicated time points, fixed,
and scored for budding (left graph) and the
number of Spc42-GFP foci (right graph) (n =
100). Two foci of Spc42-GFP were scored as
separated SPBs. Note that the number of
wild-type cells containing separated SPBs
decreased over time because the cells entered
G1 of the next cell cycle.
(C) Serial dilutions (5-fold) of wild-type (SBY3),
deg-cin8 (SBY3884), deg-cin8 ipl1-315
(SBY3887), deg-cin8 kip1D (SBY3964), and
ipl1-315 kip1D (SBY5836) cells were plated at
30C on glucose and galactose media.
(D) Wild-type (SBY818), deg-cin8 (SBY2642),
deg-cin8 ipl1-321 (SBY2641), and deg-cin8
ipl1-315 (SBY2680) cells containing Pds1-
myc were released from G1 at 30C into
nonpermissive conditions. Lysates were im-
munoblotted with anti-myc antibody.wild-type, mcd1-1, and mcd1-1 ipl1-315 cells that were
arrested in G1 and released to the nonpermissive temper-
ature by monitoring the levels of the anaphase inhibitor,
Pds1. Although Pds1 levels cycled in wild-type cells,
they remained high in mcd1-1 and mcd1-1 ipl1-315
mutant cells (Figure 2B). Therefore, unlike other ipl1 mu-
tants (Biggins and Murray, 2001; Chan and Botstein,
1993), ipl1-315 is competent to activate the spindle
checkpoint when kinetochores are not under tension.
Cin8 mutants are synthetically lethal with mutants in the
dynein pathway due to overlapping functions in spindle
positioning (Geiser et al., 1997). Because ipl1-321 cells
also have spindle positioning defects (Buvelot et al.,
2003), we analyzed spindle orientation in ipl1-315 cells
by measuring the angle between the spindle axis and
the mother-bud axis every minute starting at metaphase
(data not shown). In both wild-type and ipl1-315 cells,
spindles oriented on the mother-bud axis in less than
6 min. Ipl1 is also required for spindle disassembly, and
there is a 42% increase in the duration of anaphase B in
ipl1-321 cells (Buvelot et al., 2003). However, although
spindles broke down 2 min earlier in the ipl1-315 mutant
cells, the difference was not statistically significant
(p value, 0.47) (Figure 2C). Therefore, ipl1-315mutant cells
are proficient in the previously identified Ipl1 functions that
might be expected to lead to synthetic interactions with
cin8D cells.436 Developmental Cell 13, 433–445, September 2007 ª2007 EA Conditional cin8 Allele to Characterize Lethal
Genetic Interactions
Our data raised the intriguing possibility that the ipl1-315
allele is defective in an unidentified function of Ipl1. Be-
cause the only detectable defect in ipl1-315 cells was
lethality with cin8, we fused Cin8 to an N-degron (Deg-
Cin8) to analyze the double mutant phenotype. Deg-
Cin8 is targeted for ubiquitin-mediated proteolysis by
the Ubr1 ligase, so cells also contained a pGAL-UBR1
gene to induce Deg-Cin8 degradation by galactose addi-
tion (Sanchez-Diaz et al., 2004). We first verified that deg-
cin8 and cin8D cells have similar phenotypes. Cin8D cells
exhibit growth defects at 37C due to a defect in spindle
assembly (Hoyt et al., 1992; Roof et al., 1992), and deg-
cin8 growth was compromised to a similar degree at
37C on galactose media (Figure 3A). Because cin8D cells
assemble spindles after a significant delay at lower tem-
peratures (Gheber et al., 1999; Hoyt et al., 1992; Roof
et al., 1992; Saunders and Hoyt, 1992), we further com-
pared the mutants by analyzing SPB separation kinetics
in deg-cin8 and cin8D cells at 30C. Wild-type, deg-
cin8, and cin8D cells expressing a GFP fusion to the
SPB component Spc42 (Spc42-GFP) were arrested in
G1, treated with galactose to induce Deg-Cin8 degrada-
tion, and then released into galactose media. Although
cin8D and deg-cin8 cells started budding at the same
time as wild-type cells (Figure 3B, left), SPB separationlsevier Inc.
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min, 80% of the wild-type cells had separated SPBs com-
pared to only45% of the cin8D and deg-cin8 cells. Even
when wild-type cells had entered the next G1 (120–
150 min), only 50% of the cin8D and deg-cin8 cells
had two distinct GFP signals despite remaining in meta-
phase due to spindle checkpoint activation (see below).
Taken together, these data establish that deg-Cin8 cells
exhibit the cin8 null phenotype in the presence of galac-
tose at 30 degrees.
We next tested whether deg-cin8 ipl1-315 double mu-
tant cells are inviable. As a control, we assayed deg-cin8
kip1D cells that should also be synthetically lethal (Hoyt
et al., 1992; Roof et al., 1992). As expected, all of the
strains grew similarly on glucose media at 30C
(Figure 3C). However, the deg-cin8 ipl1-315 and deg-
cin8 kip1D cells were synthetically sick relative to the
control strains (WT, deg-cin8, ipl1-315 kip1D) on galac-
tose media. We verified that the viability of the double
mutant strains decreased within the first cell cycle when
released from G1 (data not shown).
Cin8 ipl1-315 Mutants Activate
the Spindle Checkpoint
Having established a way to analyze the cin8 ipl1-315
double mutant phenotype, we set out to determine why
cin8 cells require Ipl1 kinase activity for viability. Because
cin8 mutants are synthetically lethal with mutants in spin-
dle checkpoint genes, it was proposed that the cin8D
strain is viable because it activates the checkpoint (Geiser
et al., 1997; Schott and Hoyt, 1998). Although ipl1-315
appeared to be proficient in the tension checkpoint, it
remained possible that ipl1-315 bypasses the spindle
checkpoint in cin8 but not mcd1 cells. We therefore ana-
lyzed spindle checkpoint activity in wild-type, deg-cin8,
and deg-cin8 ipl1-315 cells that were released from G1
into galactose at 30C (referred to as nonpermissive con-
ditions from now on). As a control, we also monitored the
checkpoint in deg-cin8 ipl1-321 because ipl1-321 is de-
fective in the tension checkpoint (Biggins and Murray,
2001). Pds1 levels cycled in wild-type and deg-cin8 ipl1-
321 cells (Figure 3D), indicating that deg-cin8 activates
the spindle checkpoint in an Ipl1-dependent manner.
However, Pds1 was stabilized in deg-cin8 ipl1-315mutant
cells for at least 3 hr after release from G1 (Figure 3D and
data not shown), demonstrating that the synthetic lethality
between cin8 and ipl1-315 mutants cannot be due to
a lack of spindle checkpoint activity.
Deg-cin8 ipl1-315 Mutant Cells Are Severely
Defective in SPB Separation
Because Cin8 is required for SPB separation (Hoyt et al.,
1992; Roof et al., 1992), we tested whether Ipl1 had
a previously unidentified function in spindle assembly by
analyzing SPB separation in wild-type, ipl1-315, deg-
cin8, and deg-cin8 ipl1-315 cells expressing Spc42-GFP
after release from G1 into nonpermissive conditions. We
started time-lapse microscopy 60 min after release and
filmed cells for 90 min. Within 20 min of initiating micros-Developmentcopy, 100% of wild-type and ipl1-315 cells had separated
their SPBs and subsequently maintained bipolar spindles
throughout the time course (Figure 4A and see Figures S1
and S2A in the Supplemental Data available with this arti-
cle online). In contrast, deg-cin8 cells displayed three
different phenotypes. First, 30% of the cells never sepa-
rated their SPBs (Figure S2B). Second, 30% of the cells
separated their SPBs, but the SPBs were much closer to
each other than in wild-type cells, and the distance
between them gradually decreased (Figure 4A). These
SPBs eventually collapsed and separated again
(Figure S2B). Third, similar to wild-type cells, 40% of the
cells separated their SPBs and maintained separated
SPBs throughout the time course (Figure S2B). These
data confirm that cin8 mutant cells have difficulty in both
separating and maintaining separated SPBs, defects
that likely lead to the mitotic delay.
In contrast to the single mutants, 90% of the deg-cin8
ipl1-315 cells never separated their SPBs (Figure 4A and
Figure S2C). The SPBs in the remaining 10% of deg-cin8
ipl1-315 cells transiently separated and collapsed
(Figure S2C). Because it was difficult to find deg-cin8
ipl1-315 cells containing two distinguishable SPBs, we
confirmed that the SPBs had duplicated by performing
transmission electron microscopy (EM). All of the deg-
cin8 ipl1-315 cells examined contained duplicated SPBs
connected by a bridge structure (Figure 4B), confirming
that these cells duplicate but fail to separate SPBs. Taken
together, these data indicate that Ipl1 becomes critical for
spindle assembly when Cin8 function is reduced.
The Contributions of Ipl1 and Kip1
to Spindle Assembly
Because Cin8 and Kip1 act in parallel pathways for SPB
separation, we asked whether Ipl1 and Kip1 act in the
same pathway. We first compared the viability of deg-
cin8 ipl1-315anddeg-cin8kip1Ddouble mutants at a semi-
permissive temperature (26C) to deg-cin8 ipl1-315 kip1D
triple mutants. If Ipl1 and Kip1 act in the same pathway,
the growth of the double and triple mutants should be the
same. However, the triple mutant grew more slowly than
either double mutant, suggesting that Ipl1 functions in at
least one parallel pathway to Kip1 (Figure 4C).
To further analyze the relative contributions of Ipl1 and
Kip1 to spindle assembly, we compared the phenotypes
of deg-cin8 kip1D, deg-cin8 ipl1-315, and ipl1-315 kip1D
cells by time-lapse microscopy. Due to the severity of
the deg-cin8 ipl1-315 mutant phenotype, we did not
attempt to analyze deg-cin8 ipl1-315 kip1D cells. In con-
trast to 90% of the deg-cin8 ipl1-315 cells, only 50% of
the deg-cin8 kip1D cells never separated their SPBs
(Figure S2D). Instead, 40% of the deg-cin8 kip1D cells
transiently separated SPBs (Figure 4A), while the remain-
ing 10% separated and maintained separate SPBs
throughout the time course (Figure S2D). These data sug-
gest that spindle assembly has a stronger requirement for
Ipl1 than Kip1 function when Cin8 function is impaired.
However, ipl1-315 kip1D cells separated SPBs with the
same timing as wild-type cells (Figures S3A and S3B),al Cell 13, 433–445, September 2007 ª2007 Elsevier Inc. 437
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Ipl1 Promotes Spindle AssemblyFigure 4. Deg-cin8 ipl1-315 Cells Are Defective in SPB Separation
(A) Live microscopy was performed on wild-type (SBY3376), ipl1-315 (SBY5113), deg-cin8 (SBY3884), deg-cin8 ipl1-315 (SBY3887), and deg-cin8
kip1D (SBY3964) mutant cells expressing Spc42-GFP that were released to the nonpermissive conditions from G1 at 30C. Time-lapse microscopy
was initiated 60 min after release, and eight z sections (0.4 mm intervals) were acquired every 40 s for 90 min. Images of single cells from the first 14 min
of the time lapse are shown (n = 10). An outline of the cell is shown at 0 min. Scale bar equals 5 mm.
(B) Transmission EM was performed on serial sections of deg-cin8 ipl1-315 cells that were released from G1 into nonpermissive conditions for 90 min
(n = 14). A representative image is shown.
(C) Serial dilutions (5-fold) of wild-type (SBY818), deg-cin8 (SBY 3884), deg-cin8 ipl1-315 (SBY3887), deg-cin8 ipl1-315 kip1D (SBY3970), and deg-
cin8 kip1D (SBY3964) cells were plated at 26C on glucose and galactose media.
(D) The distance between SPBs was measured for ten cells from each of the strains from (A) every 2 min for a 20 min time span. The measurements for
each strain were compiled, and the distributions based on pole-to-pole distance were plotted. The Bernoulli distribution is reported.438 Developmental Cell 13, 433–445, September 2007 ª2007 Elsevier Inc.
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Assembly
(A) Live microscopy was performed on deg-
cin8 ase1D mutant cells expressing Spc42-
GFP (SBY4317) as described in Figure 4A
(n = 10).
(B) MT morphology in wild-type (SBY1159),
deg-cin8 ipl1-315 (SBY3887), deg-cin8 ase1D
(SBY4317) cells released from a G1 arrest
into the cell cycle for 150 min was analyzed
by indirect immunofluorescence.
(C) Serial dilutions (5-fold) of wild-type (SBY3),
deg-cin8 (SBY3884), deg-cin8 ipl1-315
(SBY3887), and deg-cin8 ipl1-315 pGAL-
ASE1 (SBY4382) cells were plated at 30C on
glucose and galactose media.
(D) ASE1 overexpression in deg-cin8 ipl1-315
cells rescues the SPB separation defect. Live
microscopy was performed on deg-cin8 ipl1-
315 pGAL-ASE1 (SBY4382) as described in
Figure 4A (n = 10). Scale bar equals 5 mm on
all panels.and the majority of these cells (80%) maintained bipolar
spindles throughout the time course. Therefore, Ipl1 and
Kip1 only become important for spindle assembly when
Cin8 is absent.
To further quantify the differences between the mutant
strains, we measured the distance between the SPBs for
ten cells in each strain every 2 min throughout a similar
20 min time span (Figure 4D). The pole-to-pole distance
in wild-type cells was maintained at a normal metaphase
length (1–2.5 mm), while the majority of deg-cin8 cells
contained significantly shorter spindles (0–1 mm). The
phenotypes in the deg-cin8 ipl1-315 and deg-cin8 kip1D
cells were more severe than in deg-cin8 cells and were
also different from each other. The pole-to-pole distance
was less than 0.5 mm in 94% of the deg-cin8 ipl1-315mea-
surements compared to 64% of deg-cin8 kip1D. These
data are consistent with a stronger requirement for Ipl1
than Kip1 to assemble spindles in the absence of Cin8
function. In the ipl1-315 kip1D cells, the pole-to-pole
distance was slightly shorter compared to wild-type cells
(Figure S3C). Therefore, although Cin8 is sufficient for SPB
separation in ipl1-315 kip1D cells, Ipl1 and Kip1 do
contribute to maintaining the normal mitotic spindle
length.
The Conserved Spindle Midzone Protein Ase1
Is Required for SPB Separation in the Absence
of Cin8
The role of Ipl1 in spindle assembly appears unrelated to
its kinetochore functions because the ipl1-315 allele seg-
regates chromosomes and activates the spindle check-Developmentpoint normally. We therefore considered the possibility
that Ipl1’s role in spindle assembly was related to its local-
ization to the interpolar MTs (Buvelot et al., 2003). In this
case, a spindle midzone protein would be an Ipl1 target
for spindle assembly. Consistent with this possibility, mu-
tants in the spindle midzone protein Ase1 are synthetically
lethal with cin8 (Schuyler et al., 2003), and it was recently
demonstrated that the overexpression of a nondestructi-
ble version of Ase1 can restore SPB separation in the ab-
sence of CDK activity (Crasta et al., 2006; Schuyler et al.,
2003).
We directly tested whether Ase1 is required for spindle
assembly by analyzing SPB separation in deg-cin8 ase1D
double mutant cells after release into nonpermissive con-
ditions. SPBs failed to separate in 90% of deg-cin8 ase1D
cells, while SPB separation was extremely transient in the
remaining 10% of cells (Figure 5A and Figures S4A and
S5A). Noticeably, the phenotype is identical to the deg-
cin8 ipl1-315 double mutant phenotype, suggesting that
Ase1 and Ipl1 may function together to assemble spindles.
We also analyzed MT morphology in deg-cin8 ipl1-315
and deg-cin8 ase1D strains. Similar to the previously re-
ported phenotype of cin8 kip1 double mutant cells (Roof
et al., 1992), we found that deg-cin8 ipl1-315 and deg-
cin8 ase1D cells exhibited the long V-shaped MTs that
are characteristic of monopolar spindles (Figure 5B).
Ase1 Overexpression Suppresses the deg-cin8
ipl1-315 Lethality
If Ase1 and Ipl1 act in the same pathway, we reasoned
that Ase1 overexpression might suppress the deg-cin8al Cell 13, 433–445, September 2007 ª2007 Elsevier Inc. 439
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pletely suppressed the growth defects of deg-cin8 ipl1-
315 cells (Figure 5C). To confirm that SPB separation
was restored, we analyzed deg-cin8 ipl1-315 pGAL-
ASE1 cells expressing Spc42-GFP in which galactose
was added 30 min before release from G1 to simulta-
neously repress deg-Cin8 and overexpress Ase1. Time-
lapse images confirmed that the SPBs separated in
80% of the deg-cin8 ipl1-315 cells overexpressing
Ase1 (Figure 5D and Figures S4A and S5B). In addition,
Ase1 overexpression moderately suppressed the deg-
cin8 kip1D lethality (Figure S4B), indicating that upregu-
lating another spindle assembly pathway can partially
overcome the defects associated with compromised
BimC function.
The Ipl1 Consensus Phosphorylation Sites in Ase1
Are Required for Spindle Assembly
To determine whether Ase1 could be an Ipl1 target for
spindle assembly, we tested whether Ipl1 directly phos-
phorylates the Ase1 protein in vitro. Epitope-tagged
Ase1 that had been immunoprecipitated was phosphory-
lated by recombinant Ipl1 (Figure S4C). We therefore
mutated the five Ipl1 consensus phosphorylation sites
(Cheeseman et al., 2002) in Ase1 (S337, T524, T680,
T733, and S809) to alanine to create the ase1-5A allele.
We analyzed spindle assembly in deg-cin8 ase1D cells
expressing ase1-5A or ASE1 on centromere-based
plasmids by time-lapse microscopy 60 min after releasing
cells from G1 into nonpermissive conditions. As expected,
100% of wild-type and 90% of deg-cin8 ase1D cells that
contain wild-type ASE1 maintained separated SPBs
throughout the time course. In contrast, 80% of the deg-
cin8 ase1D cells containing ase1-5A never separated their
SPBs (Figures 6A and 6B, Figures S5C and S5D), similar to
both cin8 ipl1-315 and cin8 ase1D mutant strains. Immu-
noblotting confirmed that Ase1-5A was expressed at
levels similar to wild-type Ase1 (Figure S4D). Therefore,
the Ipl1 consensus sites in Ase1 are important for spindle
assembly.
The lack of SPB separation in the deg-cin8 ase1-5A
cells could also be explained by the possibility that mu-
tating five residues in ASE1 completely inactivates its
function. To test this, we analyzed the role of Ase1-5A
in anaphase spindle elongation, a process that does
not require Ipl1. In many organisms, anaphase B consists
of a fast phase of spindle elongation due to antiparallel
MT sliding followed by a slow phase that results from
MT polymerization at the midzone and sliding of the
anti-parallel MTs (reviewed in Winey and O’Toole,
2001). Because Ase1 is specifically required for the
slow phase, the spindles in ase1D cells collapse after
the fast phase (Schuyler et al., 2003). We therefore
analyzed spindles in wild-type, ase1D, and ase1D cells
containing centromere-based ASE1 or ase1-5A by visu-
alizing Tub1-GFP. As expected, 100% of wild-type ana-
phase cells had intact spindles, while 79% of the ase1D
cells broke down their spindles prior to fully elongating
(see Figure 6C for example). Strikingly, this phenotype440 Developmental Cell 13, 433–445, September 2007 ª2007 Ewas rescued by both the wild-type ASE1 and ase1-5A
CEN plasmids, indicating that the ase1-5A allele retains
the anaphase functions of Ase1 and is specifically defec-
tive in spindle assembly.
These data indicate that one or more Ipl1 consensus
phosphorylation sites are important for Ase1 function in
spindle assembly. However, we were unable to deter-
mine whether these specific sites are phosphorylated
in vivo, and Ipl1 was still able to phosphorylate the
Ase1-5A protein in vitro (data not shown). We therefore
asked whether Ase1 phosphorylation in vivo depends on
Ipl1 by analyzing Ase1 mobility by SDS-PAGE. Although
we detected phospho forms of Ase1 (Figure 6D) that
were abolished by phosphatase treatment (data not
shown), there were no detectable changes in Ase1 mo-
bility in ipl1 mutant cells (Figure 6D). However, Ase1 is
a CDK1 substrate in vivo (Ubersax et al., 2003), which
could obscure Ipl1-dependent phosphorylation. Because
a number of Ipl1 substrates become hyperphosphory-
lated when the opposing protein phosphatase Glc7 is
mutated (Francisco et al., 1994; Hsu et al., 2000; Pinsky
et al., 2006a; Sassoon et al., 1999; Tung et al., 1995), we
analyzed Ase1 mobility in glc7 mutants. Strikingly, Ase1
mobility was slower in glc7-10 mutants compared to
wild-type cells, and these slower-migrating forms were
due to Ipl1 activity because Ase1 mobility was restored
to wild-type levels in glc7-10 ipl1-321 double mutant
cells (Figure 6D). Taken together, these data indicate
that Glc7 and Ipl1 regulate a portion of Ase1 phosphory-
lation in vivo.
Because these data suggested that Ipl1 might regulate
an aspect of Ase1 function, we tested whether Ase1
localization was altered in ipl1 mutant cells. Ase1 is
known to localize to the spindle midzone at anaphase
(Pellman et al., 1995; Schuyler et al., 2003), but its local-
ization at the time of spindle assembly has not been
reported. In addition, Ase1 is rapidly degraded during
G1 (Juang et al., 1997) and is present at very low levels
in cells arrested in S phase (Visintin et al., 1997), making
it unclear whether Ase1 localizes to MTs at the time of
spindle assembly. We therefore analyzed Ase1 localiza-
tion prior to SPB separation by colocalizing Ase1-GFP
with an SPB component, Spc29-CFP. Ase1-GFP partially
colocalized with Spc29-CFP in 78% (±12%) of small-
budded cells with unseparated SPBs and was not de-
tectable in the remaining cells (Figure 6E). Although this
staining may reflect Ase1 localization to the intranuclear
MTs, it is not possible to directly determine whether
Ase1 localizes to the SPBs or the nuclear MTs in these
cells because the nuclear MTs are short prior to spindle
assembly. Regardless, the appearance of Ase1 tempo-
rally precedes SPB separation, consistent with a role
for Ase1 in spindle assembly. We next analyzed Ase1-
GFP in ipl1-315 cells and found that, in contrast to
78% of the wild-type cells, it was only visible in 54%
(±10%) of the ipl1-315 small-budded cells. Ipl1 therefore
regulates the localization of Ase1 at the time of spindle
assembly, consistent with these proteins acting together
to regulate spindle assembly.lsevier Inc.
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(A and B) Live microscopy was performed on deg-cin8 ase1D cells expressing Spc42-GFP that contain ase1-5A (SBY4903) 60 min after release from
G1 at 30C. (B) The distance between SPBs was measured for ten cells from each of the strains from (A) every 2 min for a 20 min time span. (B) The
Bernoulli distribution is reported.
(C) Wild-type cells (SBY1159), ase1D cells (SBY5252), and ase1D cells with ASE1 (SBY5251) or ase1-5A (SBY5282) expressing Tub1-GFP were
arrested in G1 and released to 30C. Microscopy was performed 90 min after release, and a representative image of the phenotype of the majority
of cells in each strain is shown (n = 100). Scale bar equals 5 mm.
(D) Wild-type (SBY1308), ipl1-321 (SBY2395), glc7-10 (SBY1305), and glc7-10 ipl1-321 (SBY1994) cells were shifted to 37C for 2 hr, and Ase1
mobility was analyzed by immunoblotting.
(E) Microscopy was performed on asynchronously growing wild-type (SBY5243) and ipl1-315 (SBY5242) cells expressing Ase1-GFP and Spc29-CFP.
Small-budded cells with unseparated SPBs were scored for the presence (right panel) or absence (left panel) of Ase1 signal (n = 100).DISCUSSION
Bipolar spindle assembly is essential for chromosome
segregation and requires the activity of the BimC kinesins,
a conserved family of plus-end motor proteins. In budding
yeast, the Cin8 and Kip1 BimC kinesins act in parallel
spindle assembly pathways, with Cin8 making the major
contribution to spindle assembly. Here we report that
the Ipl1 protein kinase and the spindle midzone proteinDevelopmentAse1 also become essential for spindle assembly in the
absence of Cin8.
A Separation of Function Allele Reveals a Role
for Ipl1/Aurora in Spindle Assembly
Surprisingly, our analysis of the ipl1-315 allele that is lethal
in the absence of cin8 determined that it is proficient in all
of the previously identified MT-based functions of Ipl1.
Although cin8 mutants arrest in mitosis due to spindleal Cell 13, 433–445, September 2007 ª2007 Elsevier Inc. 441
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the inviability of cin8 ipl1-315 cells was not due to a lack of
checkpoint activity. Instead, cin8 ipl1-315 double mutants
arrest with duplicated but unseparated SPBs. The require-
ment for Ipl1 to assemble spindles in the absence of Cin8
is not unique to ipl1-315 because the ipl1-321 mutation is
also lethal with cin8 mutants. However, to our knowledge
this is the first example of an ipl1mutant that is specifically
defective in only one of the known Ipl1 functions.
Ipl1-315 contains a single mutation in the catalytic do-
main, leading to reduced kinase activity. Because Ipl1-
315 also exhibited a decreased interaction with its activa-
tor, Sli15, we propose that the altered interaction leads to
the reduction in Ipl1 kinase activity. We were surprised
that the reduction in kinase activity did not affect other
Ipl1 functions, since all other mutants we have studied
also have decreased kinase activity (Biggins et al., 1999
and S.B., unpublished data). However, Ipl1-315 retains
2-fold more kinase activity than Ipl1-321, suggesting
that greater amounts of Ipl1 kinase activity are required
for its spindle assembly function than for its other func-
tions, possibly due to a limiting substrate. These data sug-
gest that thresholds of Ipl1 activity may be important for
executing the numerous functions of this kinase, reminis-
cent of the budding yeast CDK1 that also triggers different
cell-cycle events by varying thresholds of activity (Bishop
et al., 2000). Alternatively, Ipl1-315 may be specifically de-
fective in interactions with a spindle assembly substrate
such as Ase1, while other Ipl1 mutant proteins could be
defective in interactions with multiple substrates.
In multicellular eukaryotes, centrosome-mediated spin-
dle assembly requires the activity of Aurora A, while chro-
matin-mediated spindle assembly requires Aurora B. It
was recently shown that the hyperactivation of Aurora B
in Xenopus egg extracts can promote centrosome-medi-
ated MT assembly in the absence of chromatin (Kelly
et al., 2007). The requirement for Ipl1 in yeast SPB separa-
tion is therefore consistent with the possibility that Aurora
B has a conserved role in centrosome-mediated spindle
assembly. Alternatively, Ipl1 may perform the functions
of both Aurora A and B, similar to the requirement for
the sole fission yeast Aurora kinase in spindle formation
(Petersen et al., 2001). However, Aurora A has a different
activator than Aurora B, and a potential activator for the
Aurora A functions of Ipl1 has not yet been identified. Re-
gardless, Ipl1-315 is a unique tool that should allow us to
gain further mechanistic understanding into the regulation
and roles of Ipl1.
How Does Ipl1 Regulate Spindle Assembly?
Targets for both Aurora A and Aurora B in their respective
spindle assembly pathways have been identified (re-
viewed in Ducat and Zheng, 2004). Because Aurora B fa-
cilitates chromatin-mediated spindle assembly by inhibit-
ing MCAK (Sampath et al., 2004), we considered the
possibility that Ipl1 regulates spindle assembly through
phosphorylation of the yeast MCAK-like protein, Kip3
(Gupta et al., 2006; Straight et al., 1998; Varga et al.,
2006). However, deleting KIP3 from cin8 ipl1-315 mutant442 Developmental Cell 13, 433–445, September 2007 ª2007 Ecells did not restore spindle assembly as expected if Ipl1
inhibited Kip3 activity (data not shown). Although the Xen-
opus Aurora A phosphorylates the BimC motor, Eg5,
in vitro (Giet et al., 1999), the SPB separation defect in
deg-cin8 ipl1-315 cells was significantly more severe
than either single mutant. Therefore, Ipl1 acts in parallel
to Cin8 to promote spindle assembly in yeast. To date,
the only other identified yeast spindle assembly pathway
is the Kip1 pathway that becomes essential when Cin8
is absent. We found that deg-cin8 ipl1-315 kip1D cells
are sicker than deg-cin8 kip1D cells, indicating that Ipl1
also functions in parallel to Kip1. We therefore favor the
possibility that Ipl1 acts in a third pathway that is distinct
from the budding yeast BimC motors. However, because
we could not construct completely null strains, our data do
not exclude the possibility that Ipl1 functions in both the
Cin8 and Kip1 motor protein pathways. Regardless of
whether Ipl1 acts in a distinct pathway and/or contributes
to the regulation of the Cin8 and Kip1 pathways, Cin8 re-
mains the major spindle assembly pathway because ipl1
kip1 double mutants assemble spindles normally.
Our data suggest that Ipl1 may regulate spindle assem-
bly through the Ase1 protein. Consistent with reports
showing that nondestructible Ase1 can rescue the spindle
assembly defects in cdc28-as1 cells (Crasta et al., 2006)
and that ase1D cells have spindle assembly defects (de
Gramont et al., 2007), we found that ase1D mutants are
severely defective in SPB separation in the absence of
Cin8. In addition, Ase1 localization to MTs temporally pre-
cedes SPB separation, and Ase1 overexpression com-
pletely restored the SPB separation defect in cin8 ipl1-
315 cells. A variety of data suggest that Ipl1 may directly
regulate Ase1. First, Ipl1 phosphorylates Ase1 in vitro.
Second, Ase1 becomes hyperphosphorylated in vivo in
the absence of Glc7, the phosphatase that dephosphory-
lates all known Ipl1 targets (Francisco et al., 1994; Hsu
et al., 2000; Pinsky et al., 2006a; Sassoon et al., 1999;
Tung et al., 1995), and the hyperphosphorylation is depen-
dent on Ipl1 activity. Third, Ase1 localization to MTs at the
time of spindle assembly partially depends on Ipl1. Finally,
an ase1 mutant lacking the Ipl1 consensus sites is defec-
tive in spindle assembly but retains its anaphase spindle
stabilization function. Although these data are consistent
with at least one of the Ipl1 consensus sites being directly
phosphorylated by Ipl1, we have not been able to directly
determine whether these sites are phosphorylated. This
may be due to the limiting amount of Ase1 protein during
the process of spindle assembly as well as the small frac-
tion of the cell cycle that Ase1 would need to be phosphor-
ylated to promote spindle assembly.
We propose that Ipl1 and Ase1 regulate spindle assem-
bly in parallel with the two BimC motor pathways. The
BimC kinesins are thought to participate in spindle assem-
bly by crosslinking and sliding antiparallel MTs apart (Ka-
pitein et al., 2005). Consistent with other studies (O’Toole
et al., 1999), we propose that spindle midzone proteins
stabilize the interdigitating antiparallel MTs prior to SPB
separation, providing a ‘‘substrate’’ for the motor proteins
to act on to generate the forces required for SPBlsevier Inc.
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dle Assembly
Following SPB duplication, short MTs arising
from the SPBs interdigitate over the bridge
structure and are crosslinked by the MT-bun-
dling protein Ase1 and other MAPs. Ipl1 phos-
phorylation of Ase1 may increase Ase1’s affin-
ity for MTs or could enhance Ase1’s specificity
toward crosslinking antiparallel MTs. Once
MTs arising from the two SPBs are crosslinked
by the midzone, motor proteins generate the
outward forces that push the SPBs apart to
generate a bipolar spindle and are balanced
by the minus-end-directed Kar3 kinesin.separation (Figure 7). It is possible that Ipl1-mediated
phosphorylation could enhance Ase1’s specificity toward
crosslinking antiparallel MTs or increase the MT binding or
crosslinking activity of Ase1. Future studies that identify
the precise Ipl1 phosphorylation sites on Ase1 and deter-
mine the molecular changes in Ase1 activity due to phos-
phorylation should distinguish these possibilities.
Ample evidence suggests that spindle defects lead to
aberrant chromosome segregation and aneuploidy, a hall-
mark of all cancers. It is possible that the spindle midzone-
mediated pathway we have characterized is conserved,
because at least one of the isoforms of the Xenopus
Ase1 homolog, PRC1, is also required for bipolar spindle
assembly (W. Jiang, personal communication). In addi-
tion, a human PRC1 isoform is also involved in spindle as-
sembly, although it does not appear to be an Aurora B
substrate (Neef et al., 2007). Understanding the precise
roles of Aurora B and the PRC1 isoforms in spindle assem-
bly will therefore be indispensable to both understanding
tumorigenesis and developing new therapies.
EXPERIMENTAL PROCEDURES
Microbial Techniques
Media and microbial techniques were as described (Rose et al., 1990;
Sherman et al., 1974). All experiments in which cells were released
from a G1 arrest were carried out by a factor arrest and release (Big-
gins and Murray, 2001). The deg-cin8 experiments were carried out
in a similar manner, except that 2% galactose was added to induce
pGAL-UBR1 30 min prior to release into galactose at 30C. Yeast
strains are listed in Table S1.
Plasmid and Site-Directed Mutagenesis
The deg-cin8 construct (pBS218) was made by PCR amplification of
the first 600 bp of the CIN8 gene. The PCR fragment was digestedDevelopmentwith HindIII and XhoI and subcloned into the degron vector pPW66R
to create an amino-terminal fusion protein (Dohmen et al., 1994). The
plasmid was linearized with Tth111I and integrated at the CIN8 locus.
The ase1-5A plasmid was created by sequential site-directed muta-
genesis using five different primers on plasmid pBB332 (gift of D. Pell-
man) with the QuikChange Site-Directed Mutagenesis Kit from Strata-
gene (La Jolla, CA). For Ase1 overexpression, plasmid pSJ49 (gift of
D. Toczyski and S. Jaspersen) was linearized using the Bst11071
enzyme and integrated at the TRP1 locus. All primer sequences are
available upon request.
Microscopy
Analysis of Spc42-GFP, Spc29-GFP, and GFP-Tub1 in fixed cells
(Biggins et al., 1999), or by live microscopy (Buvelot et al., 2003),
were performed as described. Indirect immunofluorescence was per-
formed as described (Rose et al., 1990).
Cells for EM were prepared by chemical fixation (Byers and
Goetsch, 1975). Serial thin sections were viewed on a JEOL 1010 elec-
tron microscope, and images were captured with a Gatan digital
camera. Images were viewed with the Digital Micrograph Software
Package (Gatan, Inc.).
Protein and Immunological Techniques
Protein extracts were made and immunoblotted as described (Min-
shull et al., 1996). 9E10 antibodies that recognize the myc tag and
12CA5 antibodies that recognize the hemagglutinin (HA) tag were ob-
tained from Covance and used at a 1:10,000 dilution. M2 anti-Flag an-
tibodies that recognize the Flag tag were obtained from Sigma and
used at a 1:3000 dilution. Ase1 was detected using anti-Ase1 anti-
bodies (gifts from D. Toczyski and D. Pellman) at a 1:500 dilution. Pro-
tein loading was confirmed in relevant experiments by anti-tubulin im-
munoblotting (data not shown).
Immunoprecipitation and Ipl1 Kinase Assays
Cultures (50 ml) of mid-log cells were collected, and lysates were pre-
pared and immunoprecipitated as described (Buvelot et al., 2003). For
Ipl1-315 kinase assays, Ipl1-Flag or Ipl1-315-Flag was immunoprecip-
itated, and the beads were washed once and incubated with 5 mgal Cell 13, 433–445, September 2007 ª2007 Elsevier Inc. 443
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Ipl1 Promotes Spindle Assemblyrecombinant histone H3 (Roche) in kinase reactions as described
(Buvelot et al., 2003). The reactions were separated on SDS-PAGE
and subjected to autoradiography using a PhosphorImager Screen
(Molecular Dynamics). Kinase assays were quantified using Image-
Quant (Molecular Dynamics) software. For Ipl1 phosphorylation of
Ase1, Ase1-myc was immunoprecipitated, and the beads were incu-
bated with 5 mg of recombinant Ipl1-GST in kinase reactions as
described (Buvelot et al., 2003).
Supplemental Data
Supplemental Data include one table and five figures and can be found
with this article online at http://www.developmentalcell.com/cgi/
content/full/13/3/433/DC1/.
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